The differentiation of T helper (Th) cells is critically dependent on cytokine milieu. The innate immune monocytes produce IL-1β which can affect the development of Th17 and Th1 cells that predominantly produce IL-17 and IFN-γ, respectively. Oligosaccharides from microorganisms, crops and mushrooms can stimulate innate immune cells. Active Hexose Correlated Compound (AHCC) that contains a large amount of oligosaccharides is a natural extract prepared from the mycelium of the edible Basidiomycete fungus. This compound is reported to modulate immune responses against pathogens although the mechanisms for this effect are largely unknown. Here we show that AHCC could induce high levels of IL-1β production from human monocytes. Furthermore, AHCC-treated monocytes increased the production of IL-17 and IFN-γ from autologous CD4 + T cells, which was blocked by adding IL-1 receptor antagonist. These finding provide new insight into how food supplements like AHCC could enhance human immunity by modulating monocytes and Th cells.
Introduction
CD4 + T helper (Th) cells are an essential component of the immune system. Th cells are heterogeneous and can be divided into Th1, Th2 and Th17 cells based on the cytokines they dominantly produce [1] . While Th1 and Th17 cells produce IFN-γ and IL-17, respectively, and Th2 cells produce IL-4 and IL-13. Each Th cell subset has a unique role in host defense against pathogens [2] . Th1 cells effectively restrain intracellular microorganisms such as mycobacteria and virus by activating macrophages with IFN-γ. Th17 cells play a major role in eliminating extracellular fungi and bacteria by activating and expanding neutrophils with IL-17. Parasites are controlled by Th2 cells that produce IL-5 and IL-13 which can activate eosinophils. The development of the different Th cell subsets is critically dependent on cytokine milieu [1, 3] . IFN-γ and IL-12 induce Th1 cell differentiation while IL-4 promotes Th2 cell development. Innate immune cytokines including IL-1 and IL-23 can enhance Th17 cell polarization.
Monocytes are large circulating leukocytes of the myeloid lineage. Monocytes have essential functions of innate immunity including phagocytosis and cytokine production [4] . Monocytes are armed with the receptors that recognize pathogen-associated molecular patterns (PAMPs). These receptors include Toll-like receptors (TLRs) that recognize microbial molecules such as lipopolysaccharide (LPS). Activation of these receptors results in the production of an array of inflammatory molecules such as IL-1β. The production of such molecules is essential for initiating and directing the development of immune responses via recruiting and providing activation signals to immune cells. With the capacity to produce cytokines, monocytes can promote the development of adaptive immune responses including differentiations of T helper (Th) cells [4, 5] .
Oligosaccharides including α-glucans and β-glucans from various microorganisms, crops and mushrooms are known to stimulate immune cells such as macrophages and dendritic cells [6] [7] [8] [9] [10] . Active Hexose Correlated Compound (AHCC) is an extract from the mycelium of the edible Basidiomycete fungus that contains oligosaccharides, amino acids, lipids and minerals [11] . Oligosaccharides are the most abundant component of AHCC comprising about 74% of the dry weight [11] . Of these oligosaccharides, nearly 20% are partially acetylated α-1,4-glucans with a mean molecular weight under 5000 Daltons [11] . Both in vivo and in vitro studies reported the immunomodulatory effects of AHCC that included increased numbers and function of myeloid dendritic cells (mDCs) [12] as well as increased activity of natural killer (NK) cells, CD8 + T cells and γδ T cells [12] [13] [14] . Also, a recent study showed an increased frequency of IFN-γ-producing CD4 + and CD8 + T cells in healthy individuals who took AHCC for 30 days [15] . However, it is still largely unknown about the exact molecular mechanism(s) involved in such effect. Thus, we investigated whether AHCC could promote Th1, 2 and 17 cell responses by stimulating monocytes in humans in that the latter cells are abundant in human blood and have the potent capacity to produce cytokines such as IL-1β. The results of our study show that AHCC-treated monocytes enhance IL-17 and IFN-γ production from human CD4 + T cells in an IL-1βdepedent manner, providing new insight into the immunomodulatory mechanisms of the dietary supplement AHCC.
Materials and Methods

Human cells
This work was approved by the institutional review committee of Yale University. Human peripheral blood was obtained from the New York Blood Center or drawn from healthy adult donors after obtaining informed consent. Mononuclear cells were prepared from blood on FicollPAQUE gradients. Monocytes and memory CD4 + T cells were purified from mononuclear cells using negative cell purification kits (Stem cell Technologies Inc, Canada and Miltenyi Biotec Inc, Auburn, CA, respectively). Purified cells were resuspeded in RPMI 1640 media supplemented with 10% FCS, penicillin and streptomycin
Monocyte stimulation, flow cytometry and ELISA
Monocytes were incubated at 37°C, 5% CO2 for 5 or 18 hours in the presence of AHCC freeze dried powder (AHCC FD, 20 -500 μg/ml), α-glucan (100 -500 μg/ml) purified from AHCC, lipopolysaccharide (LPS, 100 ng/ml) or PBS (control). In some experiments, polymyxin B (50 μg/ml) was added to cells treated with AHCC or LPS. Golgiplug (BD Bioscience) was added during the last 4 hours of stimulation for cells which were stimulated for 5 hours. Stimulated cells were fixed, permeabilized and stained with antibodies to IL-1β followed by analyzing on a flow cytometer. Culture supernatants from 18 hour stimulation were analyzed for IL-1β and IL-6 by ELISA (ebioscience, San Diego, CA).
CD4 + T cell stimulation and cytokine assay
Purified CD4 + T cells were stimulated at 37°C, 5% CO 2 for 7 days with anti-CD3/CD28 antibody-coated beads in the presence or absence of autologous monocytes pretreated for 5 hours with AHCC FD (100 or 500 μg/ml), LPS (100 ng/ml) or PBS. In some experiments, recombinant human IL-1 receptor antagonist (125 ng/ml, R&D Systems) was added at days 0 and 2 of cell culture [16] . IFN-γ, IL-13 and IL-17 in culture supernatants were analyzed using a Bio-plex Pro human cytokine assay kit (BioRad, Hercules, CA) or ELISA (ebioscience).
Statistical Analysis
A paired t-test and ANOVA were done to analyze data as appropriate using GraphPad. P values of less than 0.05 were considered statistically significant. Post hoc analysis was done by the Bonferroni test.
Results
AHCC induces IL-1β production from human monocytes
We analyzed IL-1β production from human monocytes in the presence or absence of AHCC FD, α-glucan or LPS. Intracellular flow cytometric analysis showed that monocytes expressed this cytokine in response to AHCC or LPS but not α-glucan or vehicle control (PBS) (Fig. 1A) . This phenomenon by the AHCC was not secondary to any LPS contamination since adding polymyxin B, a known LPS neutralizer, did not alter the expression of IL-1β although the effect of LPS was blocked by this chemical (Fig. 1B) . We also measured IL-1β production from the stimulated monocytes using ELISA. Analogous to the results of the flow cytometric analysis, monocytes produced substantial amounts of IL-1β in response to AHCC but not α-glucan in a dose-dependent manner (Fig. 2) . In fact, low-dose AHCC (20 μg/ml) could induce the production of the cytokines from human monocytes (Fig. 2B ). We also found that AHCC but not a-glucan-treated human monocytes produced high levels of IL-6 in a dose-dependent manner (Fig. 2C and D) .
AHCC-treated monocytes increase IL-17 and IFN-γ production from human CD4 + T cells dependently of IL-1β
We next determined whether IL-1β produced from AHCC-treated monocytes could promote cytokine production from CD4 + T cells. We first stimulated monocytes for 5 hours with AHCC at high or low doses or LPS. Autologous memory CD4 + T cells were then added to the monocytes and cultured in the presence of anti-CD3/CD28 antibodies. In the presence of monocytes treated with the high-dose AHCC, CD4 + T cells had increased production of IL-17 and IFN-γ but not IL-13 (Fig. 3 ). In the presence of monocytes treated with low-dose AHCC, only IL-17 production was increased. To address whether this phenomenon was dependent on IL-1β, we added IL-1 receptor antagonist (IL-1Ra), which is known to interrupt IL-1β binding to IL-1 receptor, during cell culture [16] . Indeed, adding IL-1Ra suppressed the production of IL-17 and IFN-γ from CD4 + T cells that were stimulated with anti-CD3/CD28 antibodies in the presence of AHCC-treated autologous monocytes (Fig. 4 ).
Discussion
Monocytes are potent innate immune cells that produce cytokines including IL-1β [4] . These cytokines can affect the function of CD4 + Th cells which are critically involved in host defense against infection and malignancy by producing cytokines such as IL-17 and IFN-γ [1] [2] [3] . In fact, IL-1β is known to promote Th17 cell response in humans [16] [17] [18] . Active Hexose Correlated Compound (AHCC) is a natural product originating from the mycelium of edible Basidiomycete fungi [11] . The most abundant component of AHCC is oligosaccharides which account for about 74% of the dry weight [11] . The immune boosting effect of AHCC has been reported in animal and humans [11-15, 19, 20] . However, it is still largely unknown how AHCC could promote immune responses. Here we demonstrated that human monocytes produced high levels of IL-1β in response to AHCC, leading to increased IL-17 and IFN-γ production from human CD4 + T cells.
Oligosaccharides including α-glucans and β-glucans from various microorganisms, crops and mushrooms are known to stimulate innate immune cells. For instance, myeloid DCs that were treated with β-glucans from yeast produced IL-23, leading to the development of Th17 cells [6] . In fact, α-glucans from Streptococci and Pseudoallescheria boydii, a saprophytic fungus, [7] as well as from edible mushroom Tricholoma matsutake [10] were reported to stimulate the production of inflammatory cytokines from macrophages and DCs. Oligosaccharides including α-glucans are the predominant component of AHCC, an enzyme-fermented extract of the mycelia of Basidiomycetes mushroom, which is used as a dietary supplement [11] . In our study, human monocytes produced IL-1β and IL-6 in response to AHCC but not α-glucans purified from AHCC, suggesting that immune modulating effect of AHCC on human monocytes may stem from non-α-glucan oligosaccharides of AHCC.
The importance of Th1 and Th17 cells in host defense is well documented. In particular, Th17 cells produce IL-17 that promotes neutrophil-mediated immune responses against extracellular microorganisms by inducing the neutrophil activating cytokines IL-8 and G-CSF from epithelial cells and fibroblasts [21] . Mice deficient of IL-17 receptor A had increased susceptibility to microorganisms such as Candida albicans and Klebsiella pneumoniae [22] [23] [24] . Of interest, oral administration of AHCC improved survival and bacterial load in mice intramuscularly infected with Klebsiella pneumoniae [19, 20] .
Similarly, mice with chemotherapy-induced neutropenia had better survival in the presence of Candida infection when AHCC was administered orally or intraperitoneally [25] . In our study, we also noticed increased IFN-γ production from CD4 + T cells in the presence of AHCC-treated monocytes. This effect was dependent on IL-1β. Although recent studies indicated the role for IL-1β in promoting Th17 cell responses in humans [16] [17] [18] , several studies reported the possible augmentation of Th1 response by IL-1β [26, 27] . Th1 cells play a major role in controlling intracellular microorganism such as virus and Mycobacterium through activating macrophages and cytotoxic CD8 + T cells by producing IFN-γ. Oral supplementation of AHCC increased survival and decreased severity in mice intranasally infected with influenza virus [13] . Also, oral administration of AHCC to mice infected with West Nile virus, a virus causing encephalitis in humans, improved viremia and survival [28] . The results of our study offer a possible explanation for the clinical benefits of AHCC in these animal studies by showing enhanced Th1 and Th17 cell responses through IL-1β production from AHCC-treated monocytes in humans.
Taken together, we demonstrated that AHCC, an extract prepared from mycelia of the Basidiomycete mushroom, could induce IL-1β production from human monocytes, leading to the promotion of Th1 and Th17 cell responses. These finding provide new insight into how food supplements like AHCC could enhance human immunity.
Fig 1. AHCC induces expression of IL-1β in human monocytes
Monocytes purified from peripheral blood of healthy individuals were incubated for 5 hours with AHCC freeze dried powder (AHCC FD, 500 μg/ml for A and B), α-glucan fraction (500 μg/ml) of AHCC, LPS (100 ng/ml) or vehicle control (control) in the presence or absence of the LPS neutralizer polymyxin B (50 μg/ml). Cells were then fixed, permeabilized and stained with antibodies to IL-1β. Purified human monocytes that had been treated for 5 hours with AHCC FD (500 μg/ml) were added to autologous memory CD4 + T cells. Cells were then cultured for 7 days with anti-CD3 and -CD28 antibodies. Recombinant human IL-1Ra (125 ng/ml) was added at days 0 and 2 of cell culture. Culture supernatants were collected and analyzed for IL-17 and IFNγ by ELISA. Bars and error bars indicate mean (n = 7) and standard error of mean, respectively. *P < 0.05.
